Objective: To examine temperature in relation to stroke mortality in a multicity time series study in China.
Stroke is one of the leading causes of death and disability worldwide. 1 In contrast to developed countries, where stroke incidence declined by 42% over the last 4 decades, stroke incidence in developing countries doubled, surpassing that from developed countries. 2 China is the largest developing country in the world and stroke burden is disproportionately high. In China, stroke mortality accounts for 19% of the total mortality, more than twice the mortality from ischemic heart disease (8%). 3 Moreover, stroke patients in China have higher fatality than patients from developed countries. 4 Stroke has substantial medical, public health, and economic impacts in China.
To reduce the burden of stroke, it is crucial to identify modifiable risk factors. It is wellknown that some traditional cerebrovascular risk factors, including hypertension, high cholesterol levels, obesity, smoking, and alcohol consumption, increased the risk for stroke. 5 However, the potential relationships of environmental risk factors and stroke have not been adequately studied in China.
One such environmental risk factor may be ambient temperature. Seasonal variations of stroke incidence and mortality have been widely reported worldwide, although the peak season was often different across countries, such as spring in Japan, 6 summer in Turkey, 7 and winter in Hong Kong. 8 However, the existing epidemiologic findings on ambient temperature and stroke are inconsistent. 9 We therefore examined the effects of temperature on daily stroke mortality in 8 Chinese cities using a standardized analytic protocol.
METHODS Data collection. This study included 8 large cities from northern to southern China: Shenyang, Beijing, Tangshan, Taiyuan, Suzhou, Shanghai, Guangzhou, and Hong Kong (figure 1). Of these cities, Shenyang, Beijing, Tangshan, and Taiyuan belong to the warm-temperate zone; and Suzhou, Shanghai, Guangzhou, and Hong Kong belong to the subtropical zone. The study period varied between 1996 and 2008 from city to city, depending on data availability. Our analysis was restricted to the urban areas because the Death Registry has not been wellestablished in suburban and rural areas in China.
We obtained daily counts of stroke deaths from the Municipal Center for Disease Control and Prevention in each city. Stroke was defined according to the ICD-10, with codes I60-I69. In China, death certificates are completed at the time of death either by community doctors for deaths at home or by hospital doctors for deaths at the hospitals.
We obtained data on mean temperature, relative humidity, and apparent temperature (AT) from the Meteorological Bureau in each city. To control for potential confounding from outdoor air pollution, we also obtained daily data on air pollution from the National Air Pollution Monitoring System, which is certified by the Ministry of Environmental Protection of China. We included Standard protocol approvals, registrations, and patient consents. The Institutional Review Board at the School of Public Health, Fudan University, approved the study protocol (no. 2012-03-0324) with a waiver of informed consent. Data were analyzed at aggregate level and no participants were contacted.
Statistical analysis. We did 2-stage analyses to investigate the associations between temperatures and daily stroke mortality. In the first stage, we calculated city-specific estimates using timeseries regression models. 10 This approach has the advantage of automatically controlling for time-invariant confounders (such as diabetes, smoking, drinking, and sociodemographic characteristics) by examining the same population repeatedly over time. 11 In the second stage, we obtained the overall effect estimates by pooling city-specific results with the Bayesian hierarchical models. 12 We also did a sensitivity analysis to examine the associations between AT and daily stroke mortality.
In city-specific analyses, we applied quasi-Poisson generalized additive models (GAM) because daily stroke deaths typically followed an overdispersed Poisson distribution. 12 We incorporated several covariates in the GAM: 1) a natural cubic smooth function of calendar time with 7 degrees of freedom (df ) per year, which excluded unmeasured long-term and seasonal trends in stroke mortality 11 ; 2) measured confounders including air pollutants and relative humidity; and 3) an indicator variable for "day of the week." We included temperature in the GAM as "cross-basis" function, which was constructed using distributed lag nonlinear model (DLNM) in order to flexibly account for the potential lagged and nonlinear effect of temperature on stroke mortality. 13 This DLNM has the advantage of estimating cumulative effects of temperature on multiple days after adjusting for the collinearity of temperature on neighboring days. 14 Similarly, we also introduced air pollutants and humidity as cross-basis functions to control for their lagged Figure 1 Map of cities in this study confounding effects on mortality. Specifically, for the DLNM of temperature, we used a natural cubic spline with 5 df to account for the nonlinear effect of temperature 14 and a maximum lag of 14 days because previous studies showed that the mortality effects of low temperature could last for weeks, while the effects from hot temperatures tended to be shorter. 15 For the DLNMs of air pollutants and humidity, we selected a natural cubic spline of 3 df and a maximum lag of 3 days. For all the DLNMs, we used the natural cubic spline with 4 df for the lagged effects (lag space) of temperature, air pollutants, and humidity. 14 After the core model was built, we plotted flexibly the temperature-mortality relationships for each city. Because a unit change of temperature above or below a threshold would lead to different effect estimates using the DLNMs, we calculated the temperature's risks at a cutoff (percentile) of temperature relative to another cutoff in each city over lags 0-14 days. Specifically, we calculated the relative risks (RRs) for stroke mortality at extreme cold (first percentiles of city-specific temperature distribution) and cold (10th percentiles) temperatures, compared with the 25th percentiles of temperature; and the RRs for stroke mortality at extreme hot (99th percentiles of city-specific temperature distribution) and hot (90th percentiles) temperatures, compared with the 75th percentiles of temperature in each city. The selection of these cutoffs for calculating the RRs was somewhat arbitrary, but was similar to those from other studies. 16, 17 As previous studies indicated that the effects of hot temperatures were generally more short-term than those from cold temperatures, we also estimated temperature effects over the following lag periods: 0-3, 0-7, 0-21, and 0-28 days.
In the second stage, we used the Bayesian hierarchical models to pool the city-specific effect estimates. 12, 18 This approach provides a flexible tool to combine effect estimates while accounting for within-city statistical error and between-city variability (heterogeneity) of the "true" effects. The model generated a posterior probability distribution of the pooled mean estimates, from which we reported the combined log RRs as the posterior mean and 95% posterior interval (PI). We applied this hierarchical model by using 2-level normal independent sampling estimation with uniform priors, which could be implemented in TLNise package of R software. 19 We performed a c 2 test to examine heterogeneity of city-specific estimates (Cochran Q test). All models were fitted with the R software (version 2.15.1): the mgcv package for GAMs and the dlnm package for DLNMs.
RESULTS
Our study included almost 48 million urban residents from 8 large Chinese cities (table 1) .
During the study period, a total of 127,750 stroke deaths occurred, with higher stroke mortality in northern cities. We also observed a seasonal trend, with higher mortality in the winter. Further descriptive data on study population, air pollution, and humidity in these cities are available in table e-1 on the Neurology ® Web site at www.neurology.org. There were no missing data in our dataset and few days with zero deaths. The annual mean temperature ranged from 8.2°C in Shenyang to 23.7°C in Hong Kong, which fully captures the temperature variations in China. Figure 2 shows the cumulative effects of temperature on daily stroke mortality at lags 0-14 days in each city. The temperature-mortality relationship curves differed across cities; however, most curves were either U-or J-shaped with higher risks of stroke mortality at both low and high temperatures regardless of the statistical significance.
Generally, the effects of low temperature lasted for more than 2 weeks; however, the effects of high temperature were limited to the first 3 days and followed by decreased or even negative effects during the subsequent days. The curves of lag structure for the effects of extreme cold and extreme hot temperatures in each city over lags 0-14 days are available in figures e-1 and e-2. Figure 3 provides the city-specific and pooled RRs of extreme cold, cold, extreme hot, and hot temperatures as compared to their respective reference temperatures. The RRs varied across cities (p , 0.001 for Cochran Q test) for all temperature categories.
As indicated in table 2, the temperature's effects also varied by lag periods. The pooled RRs for cold and extreme cold temperatures increased with more lagged days. At lags 0-14 days, compared with the 25th percentile of temperature, the RR was 1.39 for extreme cold (first percentile) and 1.11 for cold (10th percentile) temperatures, respectively. In contrast, the adverse effects of hot temperatures were modest and more We examined daily mean AT in relation to daily stroke mortality as a sensitivity analysis and obtained similar results as with temperature. Specifically, the RR was 1.36 (95% PI 1.06-1.73) comparing the first Figure 2 Nonlinear relationships between outdoor temperature and daily stroke mortality in 8 Chinese cities
The associations were presented as relative risks of the full range of temperature with lags of 0-14 days compared to the minimum-mortality temperature. The black lines are the central effect estimates and the gray areas are the 95% intervals. Many epidemiologic studies have reported an association between temperature and the risk for stroke, although the exact findings were inconsistent. 20 In mainland China, 2 studies in Beijing 21 and Shenzhen 22 found that the low weekly average temperature was associated with increased incidence of stroke. Similar findings on low temperature and higher stroke occurrence were also reported in South Korea, 23 northern Portugal, 24 and Hong Kong. 8 On the other hand, hot temperature was linked to higher stroke risk in studies in Scotland, 25 Mantua (Italy), 9 New York City, 26 California, 27 Brisbane (Australia), 28 and 4 cities in Korea. 29 In the present study, we found that the associations between temperature and stroke mortality were often nonlinear-both low and high temperatures were linked to more stroke deaths. The exact reasons for these observational differences are difficult to disentangle, but may involve differences in study populations, geographic and meteorologic characteristics, periods of the study, and health care systems. Further, study designs and analytical strategies may contribute to the inconsistency between our results and previous findings. For example, most previous studies assumed a linear association in the analyses and did not examine the possibility of nonlinear relationships.
In the present study, we observed some differences across city-specific analyses. These differences may be due in part to characteristics of the study sites, such as climatic adaptation, housing types, building thermal isolation, and use of cooling and heating equipment. Previous studies reported that these characteristics accounted for some city-specific differences in the associations between temperature and other outcomes such as total mortality and hospitalizations. 30 Various weather indicators have been used in meteorologic epidemiology. AT considers both air temperature and humidity, and thus it seems to be a better parameter to estimate the biological effects in comparison to air temperature alone. We observed similar effects of AT with temperature, which was consistent with previous studies showing that no single temperature measure is superior to the others. 31 Our findings that both high and low temperatures were associated with increased risk of stroke mortality were consistent with previous findings on other cardiovascular outcomes, such as myocardial infarction, 32 coronary heart disease mortality, 33 and ischemic heart disease mortality. 34 There are plausible, albeit complex, potential biological explanations for these observations. For example, cold temperature may lead to vasoconstriction to divert blood flow to central vital organs, resulting in a rise in blood pressure. 35 Low outdoor temperature was strongly associated with high blood pressure in Chinese adults across a range of climatic conditions, 36 and hypertension is the most important risk factor for hemorrhagic stroke in China. Cold stress may theoretically increase oxygen demand of the brain, 37 which may in turn induce an excess of cerebral blood flow and exacerbate brain ischemia. Furthermore, a number of thrombogenic factors may rise in response to cold environment, such as blood cell counts, plasma cholesterol, C-reactive protein, fibrinogen concentrations, and platelet reactivity. 38 On the other hand, when exposed to a hot environment, the body needs to increase heat diffusion via thermoregulatory means, such as elevating heart rates, vasodilatation, and sweating; as a result, blood supply to the brain may be reduced and existing ischemia may be aggravated. Dehydration on hot days may also increase blood viscosity and cholesterol levels, which in turn increases the likelihood of microvascular thrombosis and subsequent stroke. 35 Finally, high temperature is associated with worse endothelial function. 39 Further mechanistic studies are warranted to disentangle these complex relationships between ambient temperature and stroke.
Previous studies have shown that air pollution can also trigger stroke events. 40 In our analysis, similar effects of temperature were observed before and after Table 2 Pooled relative risks and their 95% posterior intervals of cold and hot temperatures on stroke mortality over multiple lag days in 8 Chinese cities adjusting for PM 10 , SO 2 , and NO 2 (data not shown), suggesting that our findings were robust against this potential confounder. We were unable to adjust for fine particles and ozone because they were not criteria pollutants in China and were not routinely monitored during the study period. Our analysis had several strengths. The impact of temperature on health might be easier to be identified in developing countries, where air conditioning is less used. Further, the analysis included 127,750 stroke deaths from 8 large cities in China, lending sufficient statistical power to investigate the relationship between temperature and stroke mortality. Further, these cities cover large geographic regions in China (figure 1) and thus allowed our examination across diverse climatic environments.
Several limitations of our study should be mentioned. First, we utilized the 24-hour average outdoor temperature in the analysis, which may have underestimated the effect of shorter periods of exposures to extreme temperatures. Second, people often spent more time indoors in extreme weather, and therefore we might have underestimated the true effect of temperature on stroke mortality. Third, as in any study using registry-based mortality data, coding errors may occur. Also, we were unable to differentiate hemorrhagic from ischemic stroke, which may be of substantial interest in mechanistic studies. Previous studies have reported different impacts of ambient temperature on ischemic and hemorrhagic stroke. 8, 29 Finally, this study was inherently an ecologic analysis and thus potential confounding from individual-level risk factors could not be fully excluded. 
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Comment: Temperature and risk of stroke mortality in China
Based on the latest Global Burden of Disease assessment, stroke is a leading cause of mortality, and years of life lost from stroke have increased in recent years. 1 The health burden of stroke is higher in China than in other regions. 2 This study provides the most comprehensive estimates to date of how risk of stroke mortality is influenced by extreme temperatures in China. 3 The authors applied commonly used statistical approaches to data on 8 large Chinese cities with populations over 47 million. The key contribution of this work is scientific evidence on weather and health for a health outcome and region that are not well-studied in the scientific literature.
The results indicate a U-shaped relationship, with increased risk at extreme high or low temperatures. Effects were more pronounced at short lag times (a few days) for heat and longer lags (up to 2 weeks) for cold. These findings are consistent with earlier work on weather and health more broadly. The magnitude of health effects estimates varied across cities for both cold and heat effects. Variation in health response across cities should be further explored with respect to adaptation, population characteristics, and other factors, and may explain why some previous smaller studies on temperature and stroke were inconsistent, with some finding associations whereas others did not. Other remaining questions include whether effects differ by type of stroke (e.g., hemorrhagic vs ischemic stroke) and interactions between temperature and air pollution, a growing concern in this region.
Results from this study can inform policies to protect against weatherinduced stroke mortalities, as weather is a potentially modifiable exposure. The implications of how weather affects health are particularly important given changes in weather extremes in a changing climate.
